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ABSTRACT: An engineered strain of Stenotrophomonas 
maltophilia (SMCD1) is capable of the direct extracellular 
biomineralization of CdS quantum dot nanocrystals from 
buﬀ ered aqueous solution of cadmium acetate and L-cysteine 
without the addition of a chemically reactive precursor. 
Nanocrystal synthesis is strongly influenced by both the L-
cysteine/cadmium acetate ratio and pH of the solution. The 
observed trends are consistent with L-cysteine acting as both a 
sulfur source and nanocrystal capping agent. Enzymatic turnover 
of L-cysteine by a putative cystathionine γ-lyase forms reactive 
sulfur in solution, removing the requirement for 
 
addition of reactive sodium sulfide typical of most other biomineralization approaches. The utility of the biomineralized 
quantum dots is demonstrated by phase transfer from the aqueous to the organic phase and subsequent incorporation into 
a quantum dot sensitized solar cell and chemical growth of a ZnS shell onto the biomineralized CdS core. 
 
 
1. INTRODUCTION 
 
Biomineralization, and related bioinspired synthesis, utilizes 
engineered biological systems and molecules to drive and 
direct the synthesis of inorganic materials.1−4 Natural systems, 
from mollusk shells5−8 to sea sponges, 9 −13 have evolved to 
both mineralize and structure materials, often over multiple 
length scales. This has served as inspiration for studies that 
seek both fundamental understanding of the biological 
processes, and new approaches to controlled synthesis. While 
these natural materials typically serve a structural role, there is 
great interest in engineering biological systems to create 
functional materials. Biomineralization oﬀ ers a route to low 
temperature, aqueous phase synthesis of crystalline materials, 
perhaps in structures or morphologies that may not be 
accessible through purely chemical routes. This intrinsically 
greener synthesis route has the potential to reduce production 
cost and lead to materials with new or improved functionality. 
 
In this work we focus our attention toward producing 
cadmium sulfide quantum dot nanocrystals (QDs) by 
biomineralization. CdS QDs have potential applications in a 
number of devices, including display technologies, in vivo or 
in vitro biomedical imaging/detection and quantum-dot solar 
cells.14−18 Commonly utilized chemical procedures, such as 
hot-injection methods, need multiple organic solvents, 
expensive precursors, and high reaction temperatures.19 
 
A number of groups have demonstrated the potential of 
engineered or natural biomolecules or biological systems as 
structure directing agents during the chemical synthesis of 
nanocrystalline CdS.20−24 In these cases, a reactive sulfur 
 
 
 
source, typically sodium sulfide, is added to a cadmium 
containing solution. In the absence of the biological 
component to template nanocrystal structure, this mixture 
would yield a bulk material. For example, Sweeney et al. 
achieved intracellular CdS nanocrystal synthesis within E. coli 
upon addition of reactive sodium sulfide to a solution of the 
bacteria and cadmium chloride.22 In this case, the bacterial 
system served to direct the formation of CdS nanocrystals. 
Flynn et al. utilized the same reactants in the presence of 
engineered peptide-phage constructs to direct the nucleation 
and growth of CdS nanocrystals.25 A similar viral assembly 
approach has been utilized to achieve control over orientation 
during crystal growth to yield nanowire morpholgies.24 
 
Intriguingly, a small number of prior reports indicate CdS 
nanocrystal formation without the addition of a reactive sulfur 
compound. The seminal work of Dameron et al. demonstrated 
CdS nanocrystal growth within Candida glabrata and 
Schizosaccharomyces pombe.26 They suggested a mechanism 
of cadmium ion sequestration within peptide complexes and 
subsequent biomineralization utilizing sulfide ions generated 
from an upregulated cellular process. They reported the 
formation of CdS QDs having a relatively tight particle size 
distribution, i.e., 2.9 ± 0.5 nm. A number of other reports 
similarly do not explicitly add an additional sulfur source to 
 
 
 
 
 
  
achieve CdS mineralization,27−29 with some indicating that 
the amino acid cysteine may act as the sulfur source upon 
conversion via a cysteine desulfhydrase.27,29,30 Where nano-
crystals are formed, the biological system is both generating a 
reactive sulfur species and influencing nanocrystal growth. 
 
In a recent development, we reported an engineered strain of 
the bacteria Stenotrophomonas maltophilia (SMCD1) capable 
of promoting extracellular CdS nanocrystal formation in the 
quantum confined size range in a highly reproducbile 
manner.
31−33
 Nanocrystal mineralization was realized through 
the addition of significant concentration of the amino acid L-
cysteine, that acts as a sulfur source and capping agent.34−39 
No CdS QDs were formed without the addition of L-cysteine. 
These biomineralized nanocrystals also have a tight size 
distribution, for example, 2.75 ± 0.68 nm, as well as the added 
advantage that the mean particle size, and resulting optical 
properties, that may be deliberately controlled via the 
incubation time. In further work we directly linked this 
extracellular synthesis to the expression of a putative 
cystathionine γ-lyase capable of both catalyzing 
mineralization and templating nanocrystal growth.32 This class 
of enyzmes catalyzes the formation of pyruvate, ammonia, and 
hydrogen sulfide from L-cysteine.40 The particular 
cystathionine γ-lyase produced by SMCD1 provides the 
critical combination of mineralization catalysis, through the 
formation of reactive H2S, and intrinsic nanocrystal templating 
required to control QD biomineralization.32 
 
Herein the sensitivity of Stenotrophomonas maltophilia 
SMCD1-mediated CdS biomineralzaion to reactant concen-
tration and pH is systematically investigated to provide further 
insight into the QD formation mechanism. Additionally, the 
outstanding question as to whether or not these biomineralized 
CdS nanocrystals can be utilized for optical applications is 
specifically addressed. A facile route for aqueous to organic 
phase transfer of the biosynthesized CdS nanocrystals is 
demonstrated which further broadens their scope for practical 
utilization as functional nanomaterials. The now organic 
soluble biomineralizated CdS nanocrystals are integrated into a 
functioning quantum dot sensitized solar cell and also utilized 
in a chemical synthesis procedure to generate CdS/ZnS core− 
shell nanocrystals. 
 
2. EXPERIMENTAL SECTION 
 
Bacteria for our experiments were isolated from soil on the 
mountaintop campus of Lehigh University, Bethlehem, PA, 
U.S.A. The bacterial isolate was evolved through iterative 
selection for cadmium resistance during growth on Luria− 
Bertani broth agar plates in the presence of increasing 
concentrations of cadmium acetate. A specific strain, 
denoted hereafter as SMCD1, was isolated and identified 
through 16S rDNA genotyping to confirm that it was 
Stenotrophomonas maltophilia.31 
 
SMCD1 cells for the following experiments were grown in 
Lysogeny broth (Alfa Aesar) for 12 h at 37 °C. CdS QDs 
synthesized by SMCD1 cells were centrifuged and resuspended 
(optical density (OD) at 600 nm of 0.5) in tris-
(hydroxymethyl)aminomethane-HCl (Tris HCl: 99%, Alfa Aesar; 
Tris base: ultrapure grade, Amresco) buﬀ er at pH 9.0 unless 
otherwise noted. This optical density was chosen as it represents 
logarithmic growth phase of S. maltophilia in culture. Cadmium 
acetate (99.999%, Alfa Aesar) and L-cysteine (98%, Alfa Aesar) 
were added in controlled concentrations prior to incubation with 
shaking at 37 °C for prescribed times. The cell 
 
mass was separated from the CdS nanocrystals by centrifuga-
tion at 5000 rpm, followed by syringe filtration (0.2 μm) of the 
supernatant. The aqueous phase QD solutions thus obtained 
are referred to as harvested solutions. Such solutions were 
dialyzed (Snakeskin 3500 MWCO; Thermo Pierce) against 
ultrapure water to remove residual cadmium acetate, L-
cysteine, and the buﬀ er salts. The residual concentration of 
free thiol after these steps was found to vary between 0.2 and 
0.5 mM as measured using Ellman’s reagent.41 These are 
referred to as purified aqueous solutions. Post pH adjustment 
of the purified aqueous solution was carried out by adding 
either acetic acid (99.7%, Alfa Aesar) or 
tetramethylammonium hydroxide (98%, Alfa Aesar). 
 
The biosynthesized aqueous soluble CdS QDs could be 
transferred into 1-octodecene (ODE, 90%, Alfa Aesar) in the 
presence of oleylamine (98%, sigma Aldrich) capping agent. 
In a typical phase transfer experiment, 15 mL of the purified 
aqueous CdS QD sample was shaken with 5 mL of oleylamine 
and 10 mL of ODE. The solution was degassed for 10 min and 
then stirred vigorously under argon for 1 h at 60 °C. A 
centrifuge (5000 rpm)/decantation procedure was applied for 
separation of the organic and aqueous phases. A hexane and 
methanol (volume ratio of 1:3) solution was contacted with the 
organic phase as an extraction solvent to purify the organic 
phase; this process was repeated three times. 
 
Ligand capping exchange from oleylamine to oleic acid 
(90%, Alfa Aesar) was accomplished through addition of oleic 
acid to the purified oleylamine capped CdS QDs. Typically, 20 
mL of the oleylamine capped CdS QDs in ODE was mixed 
with 10 mL oleic acid. The solution was degassed for 10 min 
and placed under argon for 3 h at room temperature. The same 
hexane/ methanol extraction procedure as previously described 
was utilized prior to precipitation of the QDs by methanol 
addition. The isolated precipitate is readily soluble in 
chloroform to yield an optically clear solution. 
 
Growth of a ZnS shell on CdS QDs was carried out 
following the procedure described by Chen et al.42 using oleic 
acid capped CdS QDs as the core material. A 2 mL quantity of 
CdS QDs in chloroform was mixed with 10 mL of ODE. The 
solution was degassed in argon for 30 min and then heated to 
50 °C prior to dropwise addition of 0.5 mL of 0.01 M zinc 
diethyldithiocarbamate (Zn(DDTC)2, > 99%, TCI America) 
under argon flow. The solution was then immediately heated to 
170 °C. After 20 min, the solution was cooled to 120 °C and a 
second injection of Zn(DDTC)2 carried out before once again 
heating to 170 °C. This procedure was repeated for a third 
time. Finally, the temperature of the solution was increased to 
240 °C and maintained for 20 min. The final solution was 
washed and purified by the same hexane/methanol extraction 
procedure. The CdS/ZnS QDs so generated were precipitated 
by acetone addition and then resuspended in chloroform. 
 
UV−vis absorption spectra (UV-2600, Shimadzu) and 
photoluminescent emission spectra (QuantaMaster 400, Photon 
Technology International) from the various colloids were 
collected. Coumarin 1 (Sigma-Aldrich) in ethanol was used as 
a standard for quantum yield determination. Samples for high 
angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) imaging and X-ray energy 
dispersive spectroscopy (XEDS) analysis were prepared by 
drop casting QD suspensions onto holey carbon-coated copper 
TEM grids. The samples were analyzed in a 200 kV aberration 
corrected JEOL ARM 200CF analytical electron microscope 
equipped with a Centurio XEDS system. 
 
 
  
QD sensitized solar cells were fabricated using commercially 
available glass slides coated with F-doped tin oxide (FTO, ∼7 
Ω/sq, Sigma-Aldrich) that were covered with a TiO2 blocking 
layer by dipping it into a 40 mM TiCl4 (>99.0%, Sigma-Aldrich) 
solution, followed by sintering in air at 500 °C for 3 h. A second 
mesoporous TiO2 film (TiO2 paste, 27.0 wt %, Sigma-Aldrich) 
was deposited on top of the blocking layer with a doctor blade 
followed by sintering at 500 °C for 1 h in air. The CdS QDs 
capped by oleic acid in chloroform were loaded into the 
mesoporous TiO2 by drop casting. The completed photoelectrode 
was dried under ambient conditions. The counter electrode was 
prepared by painting a conductive gold paste (Electron 
Microscopy Sciences) onto FTO glass. The working and counter 
electrodes were assembled into a sandwichstructure. The 
electrolyte was prepared by dissolving 0.5 M Na2S (98%, Alfa 
Aesar), 0.5 M S (99.5%, Alfa Aesar) and 0.055 M NaOH 
(99.99%, Alfa Aesar) in water. The photocurrent density−voltage 
(J-V) performance characteristic was measured using an 
electrochemical workstation (Reference 600, Gamry Instruments) 
under irradiation (AM 1.5 G solar simulator, model no. 10500, 
ABET Technologies) with an incident light intensity of 100 mW 
cm−2. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Influence of Synthesis Conditions on Nanocrystal 
Growth. Strain SMCD1 is capable of biomineralization of CdS 
nanocrystal quantum dots utilizing cadmium acetate as the 
cadmium source and L-cysteine as the sulfur source and capping 
agent.31 We have previously demonstrated that the average 
biomineralized CdS nanocrystal size increases with increasing 
incubation time. The hypothesized mechanism is that the bacteria 
produce a cystathionine γ-lyase capable of converting the L-
cysteine thiol group into reactive H2S. Such an enzyme has been 
identified associated with the biomineralized CdS nanocrystals.31 
In order to further understand the relationship between growth 
conditions and nanocrystallite size, we investigated the influence 
of L-cysteine/cadmium acetate ratio with variable cadmium 
acetate concentration between 0.25 and 
 
4 mM with constant L-cysteine (8 mM) and cell (OD600 = 0.5) 
concentration, and constant buﬀ er pH of 9.0. This yields a 
 
theoretical range of S:Cd ratios from 32:1 to 2:1. The 
absorbance and emission spectra of the harvested aqueous 
solutions after 30 min incubation at 37 °C are shown in 
Figure 1. 
 
The first excitonic absorption peaks, Figure 1a, shift to 
longer wavelength with increasing S:Cd ratio. No absorbance 
peak is observed at a S:Cd ratio of 2:1 as the peak is obscured 
by the absorbance of the buﬀ er solution below 300 nm. The 
corresponding emission peak positions, Figure 1b, shows the 
same red-shift trend with increasing S:Cd ratio, consistent with 
the change in visible photoluminescence under UV light, inset 
in Figure 1b. The absorbance spectra as a function of 
incubation time were also collected at S:Cd ratios of 32:1 and 
8:1. The absorption peak wavelength systematically increases 
as a function of incubation time in both cases, Figure 1c; 
however, the peak intensity is significantly greater at decreased 
S:Cd ratio. The optical properties reported here are all within 
the quantum confinement range for CdS, indicating the 
formation of CdS nanocrystals31 (Figure S1). The band gap of 
bulk CdS is known to be 2.5 eV (496 nm).43 The observed 
red-shift in our samples is attributable to an increase in the 
average size of the quantum dots as the S:Cd increases, 
suggesting that the enzymatic production of H2S may be the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Aqueous phase optical properties of harvested CdS 
nanocrystal solutions grown with diﬀ erent concentrations of 
cadmium acetate (Cd(Ac)2) ranging from 0.25 to 4 mM. (a) 
UV−vis absorption spectra. (b) Fluorescence emission spectra 
using a 350 nm excitation wavelength. Inset is a photograph of the 
cultures illuminated under UV light showing the evolution of 
fluorescent color. (c) Temporal evolution of absorbance spectra 
using 0.25 mM and 4 mM concentrations of Cd(Ac)2. Each line is 
separated by a 4 min incubation time interval up until 50 min, and 
after that the spectra were sampled at 60 and 90 min. 
 
 
limiting factor in particle growth. For reference, our 
previous work31 experimentally demonstrated by 
correlation of optical and electron microscopy data that 
adsorption peak maxima of 324, 344, and 368 nm, 
correspond to biomineralized nano-crystallite sizes of 2.75 
± 0.68, 3.04 ± 0.75, and 3.36 ± 0.95 nm, respectively. 
 
L-Cysteine acts as both the sulfur source and capping agent 
during nanocrystal biomineralization.31 The optimization of 
growth conditions is thus dependent on the interplay of factors 
influencing this dual role. First, the concentration of L-cysteine 
will influence reactant and capping agent availability. Second, 
solution pH will influence both the protonation/deprotonation 
 
 
  
of the thiol group on L-cysteine (pKa = 8.344) and the potential 
formation of the dimer, cystine, which can quench the 
fluorescence.35,45 Cystine formation is favored at elevated pH. 
In order to elucidate and deconvolute these multiple over-
lapping parameters, the influence of L-cysteine concentration 
(Figure 2) and pH during synthesis (Figure 3), as well as the 
pH of the QD solution after synthesis (Figure 4), was studied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Aqueous phase optical properties of CdS QDs harvested 
after 30 min incubation time with varying initial concentration of 
L-cysteine varying between 1 and 32 mM. (a) UV−vis absorption 
spectra of the as-grown cultures; (b) fluorescence emission spectra 
using a 350 nm excitation wavelength. Inset is a photograph of the 
visible fluorescence from these cultures under UV illumination. 
 
 
Figure 2 shows absorption and photoluminescence proper-ties 
respectively of CdS nanocrystals grown as a function S:Cd ratio 
induced by varying the L-cysteine concentration, from 1 to 32 
mM, at constant cadmium acetate (1 mM) and cell (OD600 
= 0.5) concentration and a pH of 9.0. The absorbance spectra 
(Figure 2a) show well-defined peaks with maxima showing a 
red-shift trend with increasing S:Cd ratio, corresponding to 
increasing L-cysteine concentration. As with the lowest S:Cd 
ratio in Figure 1a, the absorption peak for S:Cd ratio in Figure 
2a is obscured by the absorption of the buﬀ er solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Optical properties of harvested CdS nanocrystal solutions 
after 30 min incubation time with varying initial pH adjusted by 
changing the Tris-HCl buﬀ er ratios. (a) UV−vis absorption spectra; 
 
(b) Fluorescence emission spectra using a 350 nm excitation 
wavelength. Inset is a photograph of the visible fluorescence from 
the cultures when illuminated under UV light. 
 
 
Switching the buﬀ er to M9 minimal media reveals a peak 
at 308 nm, Figure S2. The emission spectra (Figure 2b) 
show the same systematic trend with the peak maxima 
wavelength progressively red-shifting with increasing L-
cysteine concen-tration, consistent with the visible 
photoluminescence observed under UV light. 
 
The CdS nanocrystal growth rate is clearly sensitive to the S:Cd 
ratio, with values between 4:1 and 16:1 yielding stable 
nanocrystal solutions after 30 min of incubation that show optical 
properties consistent with CdS particles in the quantum confined 
size range. At higher S:Cd ratios, the particle solutions are 
unstable, likely due to an increase in particle size and the 
relatively poor solution stabilization provided by L-cysteine. 
Figures 1 and 2 also reveal practical limitations in both the upper 
Cd concentration and lower limit of L-cysteine concentration. A 
Cd concentration of 4 mM leads to minimal nanocrystal growth, 
most likely due to the toxicity of Cd to the cell.46 The original 
directed evolution approach selected a viable bacterial strain at 1 
mM Cd. An L-cysteine concentration 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Aqueous phase optical properties of purified CdS 
nanocrystal solutions after 30 min incubation time with varying pH of 
the purified solution. (a) UV−vis absorption spectra of the as-grown 
cultures; (b) fluorescence emission spectra using a 350 nm excitation 
wavelength; (c) normalized integrated photoluminescence intensity. 
 
 
below 4 mM also leads to minimal nanocrystal growth, 
which in this case is due to a combination of low 
availability of reactive sulfur and utilization of the amino 
acid in unrelated cellular processes. 
 
Within the range of stable solutions, increasing the S:Cd ratio 
leads to a red-shift of optical properties, consistent with an 
increase in nanocrystallite size and consistent with other reports of 
varying S:Cd ratio during chemical synthesis with reactive 
chemical precursors added to solution.47,48 Wang et al.48pro- 
 
proposed that at low cysteine/Cd ratio, the Cd precursor is 
primarily in the form of reactive Cd-cysteine monothiol-
complexes that initiate large population of nuclei, and 
consequently a larger number of smaller particles are formed 
during synthesis. In contrast, at higher cysteine/Cd ratio, they 
suggest that the Cd precursor is mainly in the form of a lower 
reactivity dithiol-complex, leading to a smaller number of nuclei 
and subsequent increased average size of QD. Critically Wang et 
al. also discuss that increased cysteine concentration also favors 
the formation of the cystine dimer. The potential formation of this 
dimer is likely of increased importance to our biomineralization 
process as cysteine acts as both capping agent and sulfur 
precursor. No reactive chemical precursor such as Na2S is added 
for biomineralization, instead strain SMCD1 produces the putative 
cystathionine γ-lyase enzyme previously identified as responsible 
for mineralization and templating.32 This class of enzyme 
converts L-cysteine or L-cystine to H2S, pyruvic acid, and NH3,49 
thereby providing the reactive sulfur required for solution phase 
CdS biomineralization. It may be that the presence of the dimer 
reduces the number of initial nuclei through slower enzymatic 
turnover. 
 
Figure 3 shows the influence of buﬀ er pH during growth on 
the optical properties of the nanocrystals at a fixed initial 
concentration of cadmium acetate (1 mM), L-cysteine (8 mM), 
and cells (OD600 = 0.5). Figure 3a shows that the nanocrystal 
absorbance peak wavelength of 372 nm at a growth pH of 9.0, 
is red-shifted by 51 nm when compared to that obtained from a 
synthesis carried out at pH 7.2. The corresponding emission 
peak wavelengths (Figure 3b) are similarly red-shifted, i.e., 
512 and 440 nm at growth pH 9.0 and 7.2, respectively. The 
corresponding quantum yields of these harvested particles are 
0.7 and 1.9%, for the pH 7.2 and 9.0 solutions, respectively. 
The reported optimal activity of cystathionine γ-lyase enzymes 
is above pH 8.050−52 which is in agreement with the observed 
red-shift upon increasing pH in our experiments and further 
supporting the concept of the growth rate being dependent on 
the availability of reactive sulfur formed by the enzyme. 
 
Figure 4 shows the photoluminescence intensity of various 
purified aqueous QD samples as a function of solution pH 
adjusted after synthesis. The synthesis was carried out at a pH 
of 9.0. The corresponding absorbance spectra peak maxima 
wavelength and intensity are unaﬀ ected by changing the pH 
after synthesis (Figure S3). The pH was adjusted with acetic 
acid or tetramethylammonium hydroxide. The optimal 
(maximum) photoluminescence intensity was obtained by 
adjusting the pH after synthesis to between 7.0 and 8.5, which 
is consistent with the pKa of the thiol group in L-cysteine being 
8.3. The corresponding quantum yield in this pH range was 
determined to be 2.3%. The increased quantum yield of the 
post-treated sample when compared to the as-harvested 
solution is most likely due to the purification of the aqueous 
phase via dialysis. Decreasing the pH even further to 4.0 leads 
to a significant decrease in photoluminescence intensity and a 
corresponding decrease in quantum yield to 0.1%. This 
degradation is in-line with previous reports, where a pH value 
significantly below the pKa of the thiol group in the QD 
capping agent leads to suppression of the photolumines-
cence
36,53
 in the absence of any specific cadmium-capping 
agent complex formation.54 
 
The photoluminescence intensity similarly decreases upon 
increasing the pH above 8.5 and the quantum yield drops to 
0.7% at pH 12. This is probably due to the dimerization of L-
cysteine to cystine which has been previously reported to 
 
 
  
quench photoluminescence.45 Cystine can be reduced upon 
the addition of tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP)45 to the elevated pH solution, 
leading to an increase in photoluminescence (Figure 4b,c). 
All of this data clearly demonstrates the role of L-cysteine 
as a capping agent in our biomineralized CdS QD system. 
This is in addition to its role as a sulfur source for the likely 
enzymatic turnover of L-cysteine to form H2S. 
 
The quantum yield of these biomineralized CdS QDs is 
broadly comparable to the majority of other reports on 
aqueous phase chemically synthesized CdS solutions55,56 
although occasionally quantum yields up to 15% have been 
obtained.57,58 In aqueous solution, the quantum yield may be 
limited by the relatively poor capping of L-cysteine; indeed, L-
cysteine has been reported to quench the photoluminescence 
of aqueous CdS QDs.59 Certainly a value of around 2.3% 
when capped with L-cysteine in the aqueous phase appears to 
be the maximum achievable quantum yield through the current 
cell-based biomineralization route. 
 
3.2. Phase Transfer and Biomineralized Nanocrystal 
Utilization. In order to expand the application space for 
biomineralized QDs, a facile method (as detailed in the 
Experimental Section above) was developed to transfer the L-
cysteine capped CdS QDs from the aqueous phase to 
oleylamine capped QDs in 1-octadecene. The absorbance and 
photoluminescence emission spectra of the QDs in the 
aqueous phase and in the organic phase after phase transfer are 
shown in Figure 5a,b, respectively. The eﬃciency of the phase 
transfer procedure is indicated by the low level of 
photoemission observed under UV illumination for the (lower) 
aqueous phase after transfer, and correspondingly high level of 
photoemission from the (upper) organic phase, inset in Figure 
5a. The maxima of the absorbance and photoemission peaks 
both red-shift, by 15 and 5 nm, respectively, upon transfer to 
the organic phase due to the change of capping agent. The 
quantum yield of the CdS QDs in the organic phase increases 
to 2.9% from an initial value of 1.5% in the aqueous phase, 
most likely due to more eﬃcient QD capping in the organic 
phase. The lower initial quantum yield in the aqueous phase 
when compared to the QDs in Figure 5 is due to the smaller 
size of the nanocrystals.31 This demonstrated facile procedure 
for aqueous to organic phase transfer enables integration of the 
biomineralized QDs into more standard processing procedures. 
 
First, we demonstrate that the phase transferred biominer-alized 
CdS quantum dots can be utilized in a quantum dot sensitized 
photovoltaic cell by drop casting the solution into a TiO2 
electrode, Figure 6. Addition of the biomineralized CdS QDs 
leads to both increased open circuit voltage, VOC, from 0.32 to 
0.60 V, and increased short circuit current density, J, from 0.41 to 
0.55 mA/cm2. In addition, there is an increase in fill factor from 
41% to 50%, which translates to a corresponding increase in 
device eﬃciency to 0.17%. These performance improvements 
upon integration of biomineralized CdS quantum dot nanocrystals 
into the solar cell are in line with prior reports utilizing chemically 
synthesized materials.60−62 It should be noted that these basic 
photovoltaic cells are not fully optimized and here only serve to 
illustrate the potential for technological use of these 
biomineralized CdS QD materials. 
 
To further demonstrate the possible utility of these 
biomineralized QDs, CdS/ZnS QDs were synthesized from the 
phase transferred CdS by following a single precursor method 
previously developed by Chen et al.42 The absorbance and 
emission spectra of the QDs before and after ZnS shell 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Optical properties of CdS QDs in aqueous phase and 1-
octadecene after phase transfer. (a) UV−vis absorption spectra; (b) 
fluorescence emission spectra using a 350 nm excitation 
wavelength. Inset in (a) is a photograph of the biphase solution 
illuminated under UV light before and after transfer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Current−voltage characteristics of the CdS quantum dot 
based cells measured under 1 sun illumination (AM 1.5 G, 100 mW/ 
 
cm
2). VOpen Circuit = 0.60 V, JShort Circuit = 0.55 mA/cm2, fill 
factor = 50%, eﬃciency = 0.17%. 
 
 
  
growth are shown in Figure 7. While the emission spectrum of 
the CdS core material shows a broad trap-state emission with a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Normalized optical characteristics of the core CdS QDs 
capped with oleic acid and resultant core−shell CdS/ZnS QDs. Black 
lines are UV−vis absorption spectra; red lines are fluorescence 
emission spectra using a 350 nm excitation wavelength. 
 
 
large Stokes shift of 135 nm, the CdS/ZnS QDs exhibit a 
dominant band-edge emission with a Stokes shift of 20 nm. 
This indicates that the growth of a ZnS shell on the 
biomineralized QDs eliminates the majority of the surface 
traps and is consistent with previous reports for chemically 
synthesized materials.42 ,63−65 The ZnS growth procedure 
requires capping agent exchange on the seed QD to oleic 
acid which causes an accompanying quenching of CdS 
photoluminescence, as compared to the original oleylamine 
capped CdS QDs. The quantum yield of oleic acid capped 
biomineralized CdS QDs prior to ZnS growth is only 0.8%, 
but increases to 2.7% after ZnS shell growth, suggesting 
eﬀ ective passivation of CdS surface trap states. 
 
High angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) was utilized to visualize the size 
 
 
and crystalline nature of the CdS and CdS/ZnS QDs, and 
complementary X-ray energy dispersive spectroscopy (XEDS) 
analysis was performed to confirm the coexistence of Cd and Zn 
within individual core−shell QDs. Well dispersed CdS QDs prior 
to ZnS growth are observable in Figure 8a. Corresponding higher 
resolution images are able to resolve atomic structure within 
individual particles (Figure 8b). Fitting of lattice fringe spacings 
and intersections angles (Figure S4) indicate that the 
biomineralized CDs QDs are in fact a mixture of the hexagonal 
wurtzite and cubic zinc-blende phases.31 Comparable particle 
dispersion, crystal quality, and polymorph distribution are 
observed for the CdS/ZnS QDs, as shown in Figures 8e,f and S4, 
respectively. XEDS analysis from individual QDs confirmed that 
the as-synthesized CdS particles contain only Cd and S (Figure 
8d) while the XEDS spectrum of a single CdS/ZnS particle 
confirms the presence of Cd, Zn, and S (Figure 8h). A small Si-
escape peak from the detector material is present in the XEDS 
spectra; the copper peaks arise from the TEM support grid. 
Although there is not enough contrast to directly observe a distinct 
core−shell structure in these images, the thickness of the ZnS 
layer can be estimated by comparison of the particle size 
distributions acquired before and after ZnS shell deposition as 
measured from analysis of at least 200 particles per sample. The 
mean particle size of the CdS only QDs is 4.28 ± 0.68 nm with a 
dispersion of 16% (Figure 8c). After ZnS growth, the mean size 
increases to 4.79 ± 0.73 nm with a dispersion of 15% (Figure 8g). 
This is consistent with the deposition of about a monolayer of ZnS 
on the exterior surface of a CdS core.65 
 
The formation of a chemically synthesized ZnS shell on 
the biomineralized CdS core is clearly demonstrated by the 
change in mean particle diameter, XEDS analysis from 
individual particles and a shift from trapped state to band 
edge emission after the ZnS shell growth procedure. All of 
these combined observations are in agreement with prior 
reports of ZnS shell growth on CdS.65 Direct imaging of a 
ZnS shell was not feasible but the measured diameter 
increase indicates a single ZnS layer has been deposited. 
 
While the quantum yield increases upon phase transfer to the 
organic phase with oleylamine capping, it decreases again upon 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. (a and b) HAADF-STEM images of the CdS QDs; (c) particle size distribution of the CdS QDs; (d) XEDS analysis from an individual 
CdS QD. (e and f) HAADF-STEM images of the CdS/ZnS QDs. (g) Particle size distribution of the CdS/ZnS QDs. (h) XEDS analysis of the CdS/ 
ZnS QDs. A small Si-escape peak from the detector material is present in the XEDS spectra; the copper peaks arise from the TEM support grid. 
 
 
  
capping with oleic acid. Growth of ZnS again increases the 
quantum yield. The biomineralized QDs are crystalline, and 
the surface traps are significantly decreased upon ZnS shell 
growth; however, the maximum quantum yield achieved in 
all conditions is below three percent. Improvement in QY is 
hence a fertile area for further work in these biomineralized 
systems. 
 
While the solar cell performance results and ZnS shell growth 
are in good general agreement with previous reports utilizing CdS 
and CdS/ZnS core−shell QDs, what is remarkable about this study 
is that an optimized biomineraliza-tion procedure can produce 
crystalline CdS QDs of suﬃciently high enough quality that they 
can be utilized in a similar manner to chemically synthesized 
materials. While clearly there is still some way to go in optimizing 
the biomineralization procedure to produce the highest quality 
QDs in terms of absolute quantum yield, the potential cost benefits 
over chemical synthesis routes are considerable. The 
biomineralized materials are fabricated at 37 °C in water in an 
open laboratory container from low-cost cadmium acetate and L-
cysteine. This synthesis stands in stark contrast to typical 
chemical synthesis routes that must be conducted at elevated 
temperature, often at temperatures exceeding 250 °C, in organic 
solvent under inert atmosphere or vacuum under strictly dry 
conditions. These latter conditions are typically required due to 
the reactivity of the precursor materials. There may well be an 
application space where the lower QY may be outweighed by the 
potential environmental and cost benefits of biomineralization. 
Work is ongoing to both further improve the QY of our CdS 
particles and also to expand the palette of optoelectronic materials 
that can be made by such biomineralization routes. 
 
 
4. CONCLUSIONS 
 
We have presented a detailed study of the biosynthesized 
CdS QDs from Stenotrophomonas maltophilia (SMCD1). 
The growth parameters, such as the concentrations of 
cadmium acetate and L-cysteine, and the pH of the buﬀ er, 
have been systematically investigated. We have identified 
the most appropriate cadmium acetate, L-cysteine and basic 
buﬀ er concentrations, and pH conditions that are required 
for successful CdS QDs growth. The optical properties can 
be controlled and tuned by varying the growth conditions, 
especially the growth time. In addition, we have 
demonstrated that the biosynthesized water-soluble CdS 
QDs can be eﬃciently transferred to organic solvents with a 
concurrent improvement in their optical properties. 
Furthermore, CdS/ ZnS quantum dots with core−shell 
morphologies have also been successfully generated which 
display suppression of CdS surface trap states. By utilizing 
such postgrowth treatments on the as-grown cell-derived 
CdS particles (i.e., solvent exchange, stabilizing ligand 
exchange, and ZnS shell formation), QD materials have 
been produced which show comparable properties to their 
chemically synthesized CdS QD counter-parts. This work 
provides a better understanding of the production of CdS 
QDs by cell based methods and demonstrates their potential 
for future technological applica-tion. ■ ASSOCIATED CONTENT 
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